One sentence summary: Pathogenicity-related genes were found in a non-human-impacted ecosystem, which leads to the idea that these genes are not necessarily involved in pathogenesis, but in interactions within microbial communities.
INTRODUCTION
Interactions among microbes are key elements in the maintenance of healthy ecosystems, given that microbes have fundamental roles in nutrient cycling (Makino and Cotner 2005; Adams Krumins et al. 2009 ). There are several ways in which these interactions occur, some of which might be related to cross-feeding, while others involve secretion of molecules into the environment, as in the quorum-sensing response (Diggle et al. 2007) . Nevertheless, other mechanisms of interaction require direct contact between cells. Many of these strategies are commonly considered as virulence elements, and their presence is used to predict the bacterial potential for infection (Métoth and Alizon 2014 ).
An interesting perspective on how to understand these complex interactions in an ecological context has been gained by using model systems of bacteria such as Escherichia coli. In this case, the pathogenic strains have different ecologies, ranging from generalist and opportunistic strains to very specific forms that cause disease, such as the uropathogenic strains that are adapted to the particular conditions of the urogenital system (Johnson 1991) . We started to work on E. coli as a model to understand the evolution and ecology of wild (non-human) populations more than 20 years ago. We started by obtaining a collection of isolates different from E. coli of reference (ECOR; Ochman and Selander 1984) since the idea was to look at isolates from wild animals from different lineages and sites, in particular from Mexico. We observed a vast diversity among wild strains compared with human-related isolates, and we also found that plasmids and antibiotic resistance were more abundant in those environments impacted by humans than in the wild. However, even strains from whales in Antarctica were resistant to several antibiotics (Souza et al. 1999) . We also explored the evolution of independent virulence factors by looking at the components of the locus of enterocyte effacement (LEE) in our wild E. coli collection from a range of animals (Sandners et al. 2001 ) and even in human-related isolates (Castillo, Eguiarte and Souza 2005) . In particular, we analyzed the evolution of type 1 fimbria. This system consists of an adhesion protein that allows E. coli to attach to its host (Peek et al. 2001) . Evidence for recombination was found, allowing natural selection to fine-tune the outer part of the proteins in response to the immune system, while the internal modules were much conserved. In summary, antibiotic resistance and attachment proteins are present in non-pathogenic E. coli strains; nevertheless, these genes are commonly associated with pathogenicity.
We are particularly interested in the virulence elements that are involved in a microbe's interactions. It is possible to describe two types of interactions, positive (such as mutualism) and negative (competence or predation), and while some interactions require a direct contact between cells, others do not (Epstein 2003) . The secretion systems are mechanisms that do require contact among cells. In particular, Gram-negative bacteria possess six types of secretion systems (types I to VI), while other bacterial groups have similar systems (Horn et al. 2004 ). Among the functions described for the secretion system is a syringelike structure that is able to 'inject' biomolecules as complex as DNA or as simple as a transduction signal through the cell envelope from one bacterial cell to another. Hence, these secretion systems have a panoply of functions that go from conjugation to killing the host cell (Koster, Bitter and Tommassen 2000; Kapitein and Mogk 2013; Costa et al. 2015) . The Type III secretion system (T3SS) is considered of particular interest given that it mediates interactions between bacteria and eukaryotic cells and is essential for the establishment of infection for many pathogens, such as Pseudomonas syringe and P. aeruginosa (Hauser 2009; Gazi et al. 2012) . However, T3SS is also essential for symbiotic mutualism, as is the case for some rhizobia (Viprey et al. 1998; Marie, Broughton and Deakin 2001; Marie et al. 2003; Yang et al. 2010; Okazaki et al. 2013; Tampakaki 2014) . The Type VI secretion system (T6SS), as well as T3SS, seems to be widespread in nature, in particular among Gram-negative bacteria such as the Proteobacteria. However, T6SS has been proposed to have evolved for contact between prokaryotic cells (Bingle, Bailey and Pallen 2008) .
Among the mechanisms employed by bacteria in a social context that do not require contact between cells we can mention antibiotics (Czárán et al. 2002; Parret and De Mot 2002; Riley and Wertz 2002) . The traditional clinical view has linked antibiotic production and resistance with virulence. Nevertheless, antibiotics also play an important role within communities, and are found in bacteria from natural sources (Riley and Gordon, 1999; Fajardo et al. 2008) . In a microbial community context, antibiotics can either inhibit growth or kill competitors. It has been shown that resistant microorganisms tend to be more abundant in human-impacted environments, which has been interpreted as the result of a human-mediated dispersal of these resistance genes and resistant bacteria (Cristobal-Azkarate et al. 2014 ). This dispersion is commonly associated with mobile genetic elements such as genomic islands, integrons and bacteriophages (Dobrindt et al. 2004; Hazen et al. 2010) .
Integrons are gene-capturing elements that can host a wide range of 'cassettes' that promote the spread of antibiotic resistance genes or virulence factors (Cury et al. 2016) . Such strategies have been described in several genera of Gammaproteobacteria such as E. coli (Salyers and Amabile-Cuevas 1997; Díaz-Mejia et al. 2008; Manyahi et al. 2017) . In E. coli we observed that class 1 integrons were much more abundant in human-associated strains that in those from wild animals, suggesting a cost in expressing resistance to several antibiotics. This cost pays off when the selective pressure is high and regulation is tight. Probably this is the case for the origin and evolution of a cassette-like structure in human-associated strains. These genes are scattered along the chromosome in E. coli from wild animals (Díaz-Mejia et al. 2008) .
However, the role of mobile elements, as well as of antibiotic synthesis and secretion systems, is complex; for example, not all genomic islands are pathogenicity islands, and most plasmids are not related to pathogenesis (Dobrindt et al. 2004) . In some bacteria, such as Vibrio, integrons and the genes associated with them are usually relevant for their virulence (Mazel et al. 1998) . However, it is also possible that they play a different role in non-pathogenic strains. On the other hand, phages are considered as one of the most efficient mechanisms of horizontal gene transfer (HGT; Jiang and Paul 1998; Canchaya et al. 2003; Weinbauer and Rassouldzadegan 2004; Moon et al. 2016) . Nevertheless, the great diversity of phages that has been described in environments such as the ocean suggests that they might play also a relevant role in microbial communities as seed-banks for adaptive genes, which can potentially be acquired by any member of the community (Fancello et al. 2011; Modi et al. 2013; Subirats et al. 2016) . Tightly associated to phages are the clustered regularly interspersed short palindromic repeats (CRISPR) loci. CRISPRs are non-contiguous direct repeats separated by small sequences called spacers and have been proposed to confer immunity against foreign genetic elements such as phages (Bland et al. 2007) . For historical reasons, modern medical training has considered human health mostly as unlinked to ecosystems. Nevertheless, this idea has been changing since the One Health concept started to become more entrenched in public health policies when veterinary researchers, public health specialists and medical doctors began to talk to one other (http://www.onehealthinitiative.com). Recently we have witnessed a rise in microbiome studies that show that microbes are an essential element of our biology and health. Such microbiome studies have been an 'eye opener' in this aspect (Human Microbiome Project Consortium 2012; Bik 2016) . We believe that to understand diseases and how to treat them, it is important to consider that bacteria and viruses form part of complex communities and that the elements related to virulence should be placed in this context. As a result of this new philosophy, we believe that it is important to evaluate all these pathogenic elements in an ecological context, so we can better understand their significance in a natural context. Therefore, we analyzed the frequency of occurrence of genes associated to the different mechanisms of interaction in strains from the Cuatro Ciénegas Basin (CCB), a hydrological system with little or no human activity, and in consequence with few or no human pathogens. CCB is a relatively pristine site where interactions among bacteria seem to be very important in structuring the communities (Souza et al. 2006 (Souza et al. , 2012b Peimbert et al. 2012; Pérez-Gutiérrez et al. 2013; Ponce-Soto et al. 2015; Rodríguez-Torres et al. 2017) .
Moreover, CCB is an oasis system in the desert in the northeast of Mexico, a veritable microbiological 'lost world', and a very diverse site with many relict microorganisms (Moreno-Letelier et al. 2011; Souza et al. 2012b) . As a result of its extreme oligotrophy (P less than 0.5 μM; Elser et al. 2005) , neither algae nor human-related bacterial strains survive (Souza et al. 2006 (Souza et al. , 2012b . Escherichia coli, Salmonella and their phages have been very uncommon during 17 years of microbial sampling in CCB for ecological, genomic and metagenomic studies (Desnues et al. 2008; Bonilla-Rosso et al. 2012) . Paradoxically, CCB is one of the most biodiverse places in the world for microorganisms, due not only to the abundance of microbial mats and stromatolites but also to the high endemicity of its microbiota, as many lineages are very different from their relatives elsewhere (Alcaraz et al. 2008; Desnues et al. 2008; Escalante et al. 2008) . This endemicity and diversity is enhanced by a high differentiation between sites within CCB, even on a scale of meters (López-Lozano et al. 2012 Espinosa-Asuar et al. 2015; Pajares et al. 2016; Lee et al. 2017 ). This differentiation is caused by a strong cohesion of each local community due to metabolic complementarity (Rodríguez-Torres et al. 2017) , along with its large and diverse panoply of antibiotics and toxins. These metabolites inhibit effective migration of newcomers (Pérez-Gutierrez et al. 2013; Aguirre-vonWobeser et al. 2014) , as DNA of foreigners is a welcome source of P for these bacterial communities (Tapia-Torres et al. 2016) . CCB is also unique in its macrobiota, in particular of endemic species of reptiles, snails, mollusks and fish (Hershler 1984; Minckley 1984; Carson et al. 2012; Velez et al. 2016) .
In order to gain an understanding of the evolution and ecology of pathogenicity in well-known ubiquitous bacteria, we compared genomic elements commonly associated with pathogenicity in lineages of Gammaproteobacteria, namely Pseudomonas, Vibrio, Photobacterium and Aeromonas, from CCB with their close relatives isolated from human-impacted environments. These genera have been cultivated consistently in CCB in recent years (Rodríguez-Verdugo et al. 2012; PonceSoto et al. 2015) . Likewise, some members of these genera have been characterized as pathogens of humans, animals and plants (Rainey and Bailey 1996; Austin 2010; Grosso-Becerra et al. 2014; Scully et al. 2016) . Therefore, comparative genomic analysis using strains from CCB gives us an excellent opportunity to record and rethink the different roles of genes typically associated with pathogenicity in environmental strains.
METHODS

Data collection
Fifty-nine genomes in total were used for this analysis. Eight reference genomes were from four studied genera, Pseudomonas, Aeromonas, Vibrio and Photobacterium (Supplementary Table S1 ). Fifty-one genomes were obtained from isolates from two different aquatic systems within CCB, Churince and Pozas Rojas in Los Hundidos system (Fig. 1) . Four Pseudomonas and three Aeromonas strains were isolated from the Churince aquatic system during 2011. We also analyzed P. cuatrocienegensis strain 21C1, an endemic species of CCB isolated in 2001 from the Churince system (Escalante et al. 2009 ). Thirty-nine Vibrio, three Photobacterum and one Aeromonas isolates were obtained from nine ponds in Pozas Rojas within the Los Hundidos system of CCB ( Fig. 1 ) during 2013.
All the samples were collected from water and sediment using sterile BD Falcon vials (BD Biosciences, San Jose, CA, USA). The strains were obtained by plating 100 μl of each water sample or 100 μl of a 1:10 sediment dilution, prepared with 0.9% NaCl solution. Strains were isolated from water and sediment using Pseudomonas isolation agar (PIA) and thiosulfate citrate bile sucrose (TCBS) agar. Strains were incubated on agar plates at room temperature for 2 days, and then were kept at 4
• C until isolation in the laboratory. Each isolate was subjected to two rounds of colony purification and then grown in liquid Luria-Bertani (LB) medium. Cryotubes were stored with an aliquot of each strain for future reference and cultivation.
DNA extraction and sequencing
DNA was extracted overnight in liquid LB medium from each strain using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). DNA quality and concentration were determined using a NanoDrop Lite spectrophotometer (Thermo Scientific). Purified DNA of Pseudomonas and Aeromonas strains was sent to the J. Craig Venter Institute (JCVI) for library preparation and sequencing. The estimated coverage of these strains ranged from 21-to 63-fold. Vibrio and Photobacterium strains were sequenced at Cinvestav-LANGEBIO, Mexico with an expected coverage of 10× per genome. All sequencing was performed with Illumina MiSeq 2 × 250 technology, with insert libraries of 650 bps. The quality of raw reads was analyzed using FASTQC software (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). A minimum quality value of 25 was set, and low quality sequences were removed with fastq quality filter from the FASTX-Toolkit (http://hannonlab.cshl.edu/ fastx toolkit/index.html). After removing low quality sequences, adapter sequences were identified and removed using TagCleaner (Schmieder et al. 2010) . Genome assembly was performed de novo with Newbler version 2.9 (Roche/454 Life Sciences). For the scaffolding process SSPACE (Boetzer et al. 2011 ) was used, gaps were closed using GapFiller (Nadalin, Vezzi and Policriti 2012) and final error correction was performed with iCORN (Sanger Institute). DeconSeq (Schmieder and Edwards 2011) was used to identify and remove contaminant sequences in the assembled genomes. Final assemblies were annotated with PROKKA software (Seeman 2014) and the Pfam database (Finn et al. 2014 ) using default parameters.
Virulence genes and core virulence phylogeny
To determine which of the so called virulence factors were present in the 59 bacterial genomes (including reference and CCB strains), we performed a BLASTp (Altschul et al. 1990) analysis against a curated database, the Virulence Factors Database (VFDB; Chen et al. 2005; Chet et al. 2016) . We considered as valid hits the ones that exhibited 70% coverage and 70% identity against the query. With the selected genes, we conducted a core analysis with the GET HOMOLOGUES package (ContrerasMoreira and Vinuesa 2013), in order to establish a core of virulence genes between all strains, and determine which were clade or strain specific.
In order to analyze whether the core virulence genes followed different evolutionary paths compared with the rest of the genes, a maximum likelihood phylogenetic reconstruction was performed with PhyML version 3.0 (Guindon et al. 2010) with the LG amino acids substitution model. Statistical support was determined with 1000 bootstrap replicates. Additionally, a 16S rRNA phylogenetic reconstruction of all the analyzed bacteria including reference and CCB strains was performed with PhyML version 3.0 with the HKY+I+G substitution model and 1000 bootstrap replicates.
Identification and phylogenetic reconstruction of Type III and VI secretion system genes
Genes related to secretion systems were extracted from a BLASTp (Altschul et al. 1990 ) search performed against the VFDB (Chen et al. 2005; Chet et al. 2016) . Coding sequences for the nine T3SS core proteins previously described (Gazi et al. 2012; Tampakaki 2014) were retrieved from the analyzed genomes. Sequences for additional reference strains were manually retrieved from the UniProt Database (UniProt Consortium 2017). A protein alignment was performed with MUSCLE (Edgar 2004 ) for each of the nine sequences and phylogenetic analyses were performed with FastTree (Price, Dehal and Arkin 2010) using default parameters.
Identification of antibiotic resistance genes
In order to identify the presence of antibiotic resistance genes in all strains, a BLASTp search was performed against the Comprehensive Antibiotic Resistance Database (CARD; Jia et al. 2017) . We considered valid hits the ones that presented 70% coverage and 70% similitude against the query.
Identification of mobile elements
A prediction of both genomic islands and pathogenicity islands for all the CCB and reference genomes was performed with the IslandViewer 3 server (Dhillon et al. 2015) . As requested for IslandViewer predictions, the following available genomes were selected as reference: Aeromonas veronii B565 for the Aeromonas clade; P. aeruginosa PAO1 for the P. aeruginosa clade; P. fluorescens SBW25 for the P. fluorescens clade; Vibrio anguillarum 775 for Vibrio clade II to V and Vibrio parahaemolyticus BB22OP for Vibrio clade VI; and Photobacterium profundum SS9 for the Photobacterium clade. In the case of Vibrio and Photobacterium strains, predictions were done in duplicate, one for each chromosome.
We identified the presence of the three integron classes (complete integrons, CALIN and In0) in all genomes using the program IntegronFinder (Cury et al. 2016) . The prediction of prophage sequences was done with PHASTER (Arndt et al. 2016) . CRISPR regions were predicted through the CRISRP recognition tool (Bland et al. 2007) . A database containing each spacer identified within the CRISPR regions was created. A BLASTn search for each spacer was performed against the created database in order to identify repeated spacers. Parameters for the programs and homemade scripts used have been deposited in GitHub (https://github.com/actevol/Comparative genomics of virulence factors).
RESULTS
General genomic features of CCB strains
16S rRNA analysis showed that the Vibrio formed different subclades (II-VI), related to reference strains V. anguillarum 775, V. parahaemolyticus BB22OP, V. alginolyticus NBRC 15630 and V. metschnikovii CIP 69.14 ( Fig. 2a) . For Pseudomonas we defined two clades, the P. aeruginosa clade and the P. fluorescens clade. In the case of Aeromonas and Photobacterium we only had one clade for each genus. This clustering was reflected in the genomic size, which for Vibrio ranged from 3.2 to 5 Mb and for Pseudomonas from 5.3 to 7.4 Mb, while a very narrow range was observed for Photobacterium, from 4.54 to 4.57 Mb and for Aeromonas 4.5 to 4.7 Mb (Supplementary Table S1 ). When compared with the GC content of references strains, most of the Vibrio and Photobacterium clades were observed to be similar to the reference strains. For Pseudomonas clades, we found that the endemic P. cuatrocieneguensis 21C1 from the P. aeruginosa clade had 61% GC content, which was lower than the rest of the clade, including the reference strain (66.3-66.6%). Within Aeromonas our strain A35 P exhibited a higher GC content (61.9%) than the rest of the group including the reference strain, which had an average of 58.3-58.7% (Supplementary Table S1 ). 
Virulence factor survey
We analyzed the presence of virulence factor genes in the 51 strains from CCB and the eight reference genomes, some of them pathogens, such as P. aeruginosa PAO1 and V. alguinolyticus NBRC 15630, and others from human-impacted environments, such as A. veronii B565 and P. fluorescens SBW25 (Supplementary  Table S1 ).
We found from 62 to 164 genes encoding virulence factors in each strain of free-living CCB bacterium, while reference strains ranged from 52 to 305 (Supplementary Table S2 ). We further studied the presence of toxins, which may be related directly to infections. We found that the genes ctx from V. cholerae and trh and tdh from V. parahaemolyticus were not present in the CCB strains, and neither were the exoSTUY toxin genes from P. aeruginosa, while the toxin-coding gene aexT was present in Aeromonas strains ANP5, ANNP30 and DNP9, and the toxin RTX gene was present in Vibrio clade II reference strains V. anguillarum and Aeromonas A35 P. Nevertheless, it is possible that CCB strains possess other toxins that are not present in databases and for that reason were not identified.
Evolution of virulence factor genes
To understand the degree of conservation of the virulence factors among Gammaproteobacteria, we described a 'virulence core' set that included all virulence genes present in all analyzed strains. Fifteen genes were found to belong to this virulence core. These genes were mostly related to flagella and chemotaxis (Table 1) .
When comparing the phylogenetic reconstruction of the 16S rRNA with the virulence core phylogeny (Fig. 2b) , we obtained the same clades, with some exceptions within the Vibrio clades. In the virulence core phylogeny, the V36 P2S2PM302 strain belonging to Vibrio clade V seems to be ancestral to Vibrio furnisii and V. parahaemolyticus, which group within strains of clade IV, while V28 P6S34P95 splits completely from group IV to be ancestral to group III and V. metschnikovii. To identify which genes were influenced by HGT events, individual phylogenies for each core gene were performed. This analysis showed that gene flhA had a second copy. Some members of the Aeromonas clade, as well as all strains from Photobacterium and Vibrio clades IV, V and VI and the reference strain of V. parahemolyticus had this second copy of the gene related to flagella formation (Supplementary Figure S1) . The second copy of this gene may represent a duplication event or an acquisition by HGT among different lineages.
Secretion systems, a cell-cell communication framework
To understand the importance of these complex bio-machines in the bacteria inhabiting CCB, we looked for the described core elements that composed T3SS (Gazi et al. 2012; Tampakaki, 2014) in CCB strains. We found between 23 and 37 genes related to this secretion system, which included regulators, structural and effector genes. For example, many Vibrio from clade VI had genes with homology to T3SS1 from V. parahaemolyticus, as well as Aeromonas strains ANNP30 and ANP5. Both genera possess homologues to ExsA and PscC, a master regulator and a key protein in the formation of the injectisome, respectively (Hauser 2009 ). The presence of these two genes indicates that T3SS may be functional in CCB strains. Interestingly, Aeromonas strain DNP9 possesses only four proteins of the T3SS, but they are homologous to the T3SS2 of V. parahaemolyticus and Sinorhizobium fredii NGR234, as is the case for strains V08 P9A1T1 and V09 P4A23P171 of clade II (Suplementary Table  S3 ). Although T3SS is widely distributed among environmental and pathogenic Pseudomonas strains, we found from one to four genes related to T3SS among genomes of Pseudomonas from CCB strains, which suggests that this system is incomplete and may not be functional in these environmental strains (Supplementary Table S3 ).
A phylogenetic analysis of the core elements of T3SS showed that these components have evolved in seven different groups (Gazi et al. 2012; Tampakaki 2014) . To test whether CCB strains conform to a separate group, we performed a phylogenetic analysis using core genes of T3SS (Fig. 3) . We found that Vibrio clade VI, Aeromonas strains ANNP30 and ANP5 cluster within the Ysc-T3SS family, which has been reported to confer resistance to phagocytosis and trigger macrophage apoptosis (Gazi et al. 2012) . On the other hand, Aeromonas strain DNP9 and Vibrio clade II strains V08 P9A1T1 and V09 P4A23P171 cluster together with the T3SS2 copy of V. parahaemolyticus among the Rhizobiales T3SS family, which is dedicated to the intimate endosymbiosis of nitrogen fixation in the roots of leguminous plants. Genes of T3SS of CCB Pseudomonas form a cluster among the Hrc-Hrp-T3SS family, which is present in plant pathogenic bacteria of the genera Pseudomonas, Erwinia, Ralstonia and Xanthomonas.
We also searched for components related to the type VI secretion system (T6SS). As expected, we found that this system was present in many of the CCB strains (Fig. 4) . Based on annotation, 12-22 genes were found to be associated to T6SS, among Vibrio clade II strains, the P. fluorescens clade, strain ENNP23 of the P. aeruginosa clade and most Aeromonas except A35 P, which only possesses four related proteins. This could suggest that in this particular environment, the interactions occurring among bacteria are more important than those with eukaryotes (Supplementary Table S4 ).
Antibiotic resistance
To estimate the potential of CCB strains for antibiotic resistance, we performed a search against an antibiotic resistance gene-curated database. This analysis showed different strategies among the analyzed genera ( Fig. 4; Supplementary Table S5) . Pseudomonas, in general, displayed a great abundance of multidrug efflux systems in both CCB and reference strains; nevertheless, genes for resistance to β-lactam were only identified in the reference strain P. aeruginosa PAO1. In contrast, CCB Aeromonas strains had a wide range of antibiotic resistances, including β-lactamases, multidrug efflux systems, and resistance to bacitracin, tetracycline and streptogramins. Vibrio and Photobacterium lacked resistance genes for β-lactams, except for two isolates closely related to V. parahaemolyticus from CCB. However, in all of them, we observed the tet34 gene, which confers resistance to oxytetracycline, as well as tetracycline, chloramphenicol and the multidrug efflux system.
Mobile elements, genomic and pathogenicity islands
We analyzed the presence of genomic islands (GIs) and pathogenicity islands (PAIs) in our sample collection. The num- ber of predicted GIs ranged from 2 to 86 (Fig. 4) . Interestingly, only in the reference strains were there found both PAIs and GIs (Fig. 4 and Supplementary Table S6 ). Genes that were represented in GIs of CCB strains were mostly hypothetical; nevertheless, we did find transposon-related genes, integrases and some genes of phage components. In the case of Photobacterium we found the genes csgBACEFG, involved in secretion of the extracellular matrix of biofilm. Also within this clade we found the genes zraS and zraR, which are related to the response to zinc and lead stress.
We searched for insertion sites as integrons in CCB and reference strains. CCB Vibrio strains contain the three types of previously defined integron elements: complete integrons, CALIN and In0 (Cury et al. 2016) . Nevertheless, only 25.6% of these isolates possessed complete integrons, and attC sites were an order of magnitude lower in CCB Vibrio than in the reference strains. In the case of Pseudomonas, Aeromonas and Photobacterium, we observed strains containing only CALIN-type integrons, i.e. they do not contain integrases ( Fig. 4; Supplementary Table S6 ).
Phages and CRISPRs
We analyzed lysogenic phages in our strains as these represent one of the most efficient mechanisms of HGT (Jiang and Paul 1998; Weinbauer and Rassouldzadegan 2004; Moon et al. 2016) . The presence of prophages was variable among the analyzed strains. No complete prophages were found in either CCB Aeromonas or Vibrio clade IV strains. In contrast, the P. fluorescens clade, Vibrio clade III and Vibrio clade V strains harbored at least one complete prophage. It is of particular interest that these 'dormant' viruses were present in most of the reference strains, except V. anguillarum and V. metschnikovii, in which only incomplete prophages were found. The number of prophages identified in the reference strains varied from one to three in Vibrio, two for Pseudomonas and three in the case of Aeromonas (Fig. 4 ; Supplementary Table S6) .
Prediction analysis using the CRISPR recognition tool (Bland et al. 2007 ) identified these elements in almost all analyzed clades from the CCB, varying from one to six CRISPR regions ( Fig. 4; Supplementary Table S6 ). All the strains from the Vibrio clades III and IV and the P. fluorescens clade harbored CRISPR regions. In contrast, Vibrio clades V and VI did not exhibit any of these regions. Aeromonas, Photobacterium and Vibrio clade II showed a variable presence of these elements. Except for the reference strain V. metschnikovii CIP 69.14, none of the reference strains had CRISPR sequences. Each strain of the Pseudomonas, Aeromonas and Photobacterium clades harbored unique sequence spacers, except for two spacers shared within the P. fluorescens clade. In the case of Vibrio, we found that most spacers were shared between strains within each clade. This observation could suggest that each clade has a unique history regarding its phage protection system.
DISCUSSION
Probably since the early communities in the Achaean, bacteria have evolved a wide range of genetic strategies to interact with each other and with their environment (Bingle, Bailey and Pallen 2008; Schwarz et al. 2010; Riley and Wertz 2002; Morris et al. 2013) . Since these ancestral genes are present in all lineages, including pathogens, there has been a historical confusion in the description of their role. This was due to our human-centric view of microbes and to most of the knowledge we have on gene function coming from the study of pathogenic strains associated with humans or plants of human interest. Therefore our work of comparative genomic analysis seeks to gain insight into the distribution of the so-called virulence/pathogenesis genes among genomes from pathogenic strains, human-impacted strains and strains from the extremely oligotrophic oasis of CCB.
First, we identified virulence factors in genomes from strains from CCB and from reference strains. We found a broad range of virulence factors in CCB strains from different genera analyzed in this study. The conservation of these genes in freeliving bacteria of a relatively pristine environment suggests that they are not inherently related to pathogenicity, but they are part of the adaptations of free-living microbes. For instance, many virulence core genes are related to flagella formation and chemotaxis, features that allow bacteria to move towards attractants and away from repellents. In CCB these genes could affect the microbial community dynamics, as these communities are in part assembled based on a metabolic codependence (Rodríguez-Torres et al. 2017) , as well as by active chemical warfare in the search for resources by destroying cheaters and foreigners (Pérez-Gutierrez et al. 2013; Aguirre-von-Wobeser et al. 2014; Ponce-Soto et al. 2015; Velez et al. 2016) . The ability to sense the environment and move to optimal conditions may therefore increase bacterial fitness in the harsh CCB environments.
Interestingly, when we compared the 16S rRNA tree against the virulence core phylogeny, we found a shift in the phylogenetic position for three Vibrio strains. These phylogenetic incongruences may suggest early recombination events, which apparently occurred before the diversification of both V. parahaemolyticus and V. furnissii. Individual phylogenies of core genes showed a second copy of the flagella gene flhA in V. parahaemolyticus (Supplementary figure S1 ). This could represent either an HGT event or more likely a duplication that occurred before the divergence of these groups given the grouping of the sequences (Supplementary figure S1 ).
Moreover, this duplicated flagellar gene has a homolog in the T3SS (Gazi et al. 2012; Tampakaki 2014) , making this story even more complex and in need of further exploration. As previously stated, secretion systems are involved in the transport of biomolecules through the cell envelope. Several studies have shown that these secretion systems have evolved by horizontal gene transfer events (Makino et al. 2003; Okada et al. 2010) . However, when we analyzed the T3SS core elements (Fig. 3) , we found that the seven evolutionary lineages of this system are conserved and that CCB strains do not constitute a separate group. Another probable horizontal gene transfer event is proposed among Vibrio clade II and T3SS2 of V. parahaemolyticus as well as with Aeromonas strain DNP9. This is particularly interesting since recombination events seem to be rare and ancient in CCB bacteria (Avitia et al. 2014) . All the other recorded HGT events, such as the acquisition of a rhodopsin gene and the ability to produce sulpholipids in Bacillus coahuilensis (Alcaraz et al. 2008) , and the movement of genes for phosphorus mobilizations in bacilli (Moreno-Letelier et al. 2011) , are ancestral, adaptive and very well trimmed. In contrast with Aeromonas and Vibrio, we did not find most of the T3SS elements in Pseudomonas associated to CCB even though we detected some components. This may suggest that purifying selection has eroded the Type III secretion system in most of the local strains (Fig. 4) , or that there are undescribed homologs, since eukaryotes are not only present but diverse and abundant as in the case of fungi (Velez et al. 2016) .
Even though the Type VI secretion system is abundant in nature and has been proposed to mediate interactions among bacteria, we did not find this system complete in most of our isolates from CCB (Fig. 4) , suggesting that with the isolation of this ecosystem for a very long time, the bacteria have evolved the parallel T6SS whose homologies with those previously described are not clear. Further research should be done with more genomes as well as metagenomes for putative members of this secretion system.
For example, we found several resistance genes in CCB isolates and most of them involved the pump efflux system although these genes did not always match the phenotype. For the strains Pseudomonas 1D4, ENNP23, AP19 and AP42, and Aeromonas ANP5, ANNP30 and DNP9, antibiotic resistance assays were performed (Ponce-Soto et al. 2015) . The genomic analysis of genes associated with antibiotic production and resistance, in particular β-lactams, aminoglycosides and tetracycline antibiotics, were not always congruent with the resistance phenotypes, as some strains that were sensitive to a given antibiotic carry the resistance genes. It is possible that these genes were not expressed under the growth conditions used for the assays, or more likely, that they are induced only under antagonistic conditions. We hypothesize that this variability in survival strategies (and possible associated trade-off costs) leads to an evolutionary dynamic based on competence and costs. This type of interaction may also happen in human-impacted environments, as is the case of A. veronii B565, which possess resistance genes to several antibiotics and was isolate from the sediment of an aquaculture pond (Li et al. 2011 ).
When we analyzed the presence of virulence factors among the CCB strains, we found that these strains had individual genes associated with virulence, such as toxin and antibiotic production and resistance, but in none of the strains were these different virulence genes contiguous (i.e. in tandem) in a cassette configuration such as an integron or a pathogenicity island. Our findings for CCB strains supports our previous ideas that pathogenic strains restructure their genome in order to be more efficient in expressing virulence genes together, in a cassette as is the case of the LEE locus in E. coli (McDaniel et al. 1995; Castillo, Eguiarte and Souza 2005) .
Since several virulence factors and antibiotic resistance determinants are shared among bacteria, we looked for common markers of HGT/foreign DNA insertion. In contrast with what has been found in the reference strains, few isolates from the CCB contained mobile elements besides CRISPR sequences and a few Vibrio integrons. Recently, it has been proposed that a negative correlation exists between the presence of CRISPR regions, their spacers and the presence of horizontal transfer elements such as insertion sequences (García-Gutiérrez et al. 2015; Sheludchenko et al. 2015) . It seems that CRISPR spacers act as barriers against mobile elements, by recognizing them as foreign elements. Our study corroborates the negative correlation between the presence of CRISPR sequences and mobile elements such as phages and integrons; in approximately 69% of the analyzed strains in which CRISPRs were present neither phages nor integrons were observed ( Fig. 4; Supplementary Table S6 ). Our findings support the idea that the costs for extra DNA replication could be a counter-selection force against foreign DNA incorporation in this oligotrophic environment (Souza et al. 2008) .
One Health and the ecology of pathogenicity
Bacteria have been evolving for almost 4 billion years and have survived because they have evolved many genetic systems that allow them to adjust to their changing environments including the changing microbial neighborhood. Genes for mobility, sensing and transport systems have been cataloged as pathogenesis and virulence related for historical reasons since they were first discovered in pathogenic strains. However, our study shows that they simply have a role in community structure either by signaling membership or by repelling non-members of the microbial market.
When referring to environmental bacteria, in this case strains isolated from CCB, we cannot specifically make a distinction between environmental and pathogenic behavior since bacterial coexistence entails both cooperation and competition. In these nutrient-limited communities, bacteria seem to have evolved to recognize 'members' from 'non-members', since membership would be essential for cost-effective ecological cooperation (Werner et al. 2014) . In a place as diverse in bacteria as CCB, this membership appears to be particularly important, since each member of the community has a role in nutrient cycling and in the survival of the community . We have even formed the hypothesis that when food is scarce, HGT is rare and migration area is small (Souza et al. 2012a) , keeping the membership local and strict. The lessons of CCB are clear and relevant: when anthropogenic influxes of nutrients or contaminants perturb an ecosystem, the resulting microbial communities are more likely to acquire genes by HGT to adapt faster to new environments. In CCB this has been experimentally shown as nutrient input changes the ecological dynamics of bacterial communities (Lee et al. 2017) ; the effect is similar to what happens when sewer-contaminated water goes through the food chain to our gut. This has also been demonstrated by the impressive and fast evolution of bacterial resistance to antibiotics in several anthropogenic environments, in particular in hospitals (Modi et al. 2013; Feugeas et al. 2016; Stalder and Top 2016) . Additionally, recent studies have shown that the acquisition of integrons and resistance genes by microbiota of wild animals is associated with this contamination (Power, Emery and Gillings 2013; Cristobal-Azkarate et al. 2014) , generating a concern regarding the propagation of antibiotic resistances in the environment, increasing the risk of cross infections among animals and humans in their transition zones.
The One Health concept aims to integrate concepts from disciplines such as medicine, veterinary science and ecology, among others, helping to eliminate the artificial barriers created in the modern treatment of diseases, barriers to which microbes are obviously indifferent. In this regard, our work contributes to the understanding that the genes considered as pathogenic are survival tools for bacteria in the environment. This work also shows how disturbances in the environment will be reflected in our health, directly by being exposed to contaminants, but also more subtly by being exposed to a microbiome that has a higher probability of acquiring virulence genes in cassettes such as pathogenicity islands.
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